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Abstract: 
The lanthanide orthoborates, LnBO3, Ln = Gd, Tb, Dy, Ho, Er, Yb crystallise in a monoclinic 
structure with the magnetic Ln3+ forming an edge-sharing triangular lattice. The triangles are 
scalene, however all deviations from the ideal equilateral geometry are less than 1.5%. The 
bulk magnetic properties are studied using magnetic susceptibility, specific heat and 
isothermal magnetisation measurements. Heat capacity measurements show ordering features 
at T ≤ 2 K for Ln = Gd, Tb, Dy, Er. No ordering is observed for YbBO3 at T ≥ 0.4 K and 
HoBO3 is proposed to have a non-magnetic singlet state. Isothermal magnetisation 
measurements indicate isotropic Gd3+ spins and strong single-ion anisotropy for the other 
Ln3+. The change in magnetic entropy has been evaluated to determine the magnetocaloric 
effect in these materials. GdBO3 and DyBO3 are found to be competitive magnetocaloric 
materials in the liquid helium temperature regime.  
Keywords: A. Inorganic Compounds, B. Magnetic properties, C. X-Ray diffraction, D. 
Crystal Structure, D. Specific heat 
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1 Introduction 
 
Materials having magnetic lattices with triangular or tetrahedral geometries are often 
frustrated due to the inability of all the pairwise interactions to be satisfied simultaneously. 
For a particular frustrated plaquette, the magnetic properties vary widely because factors 
including crystal electric field (CEF) effects and lattice distortions compete with the magnetic 
interactions to determine the magnetic ground state. Depending on the relative magnitudes of 
such interactions, exotic ground states may emerge. Realisation of such states in real 
materials open up the possibility of testing theoretical predictions and realisation of novel 
magnetic properties[1–3].  
There have been many studies on three-dimensional (3D) frustrated lattices containing 
magnetic Ln3+ ions; most notably the pyrochlores - Ln2B2O7 (B = Ti, Sn) and more recently 
Ln2Zr2O7 but also other materials including gadolinium gallium garnet (GGG) and the 
SrLn2O4 family of materials[4–11]. Work on two-dimensional (2D) frustrated lattices 
containing magnetic Ln3+ has been limited due to the lack of experimental realisations[12], 
however this field is gaining momentum. Recently the isostructural series Ln3X2Sb3O14 (X = 
Mg, Zn) have been reported which contain structurally perfect 2D kagome planes of magnetic 
Ln3+[13–15]. Several exotic ground states have been already reported including umbrella-like 
all-in all-out long range ordering for Nd3Mg2Sb3O14, dipolar interaction mediated long-range 
ordering in a 120o structure for Gd3X2Sb3O14 (X = Mg, Zn), emergent charge order in 
Dy3Mg2Sb3O14 and a possible Kosterlitz-Thouless (KT) vortex unbinding transition in 
Er3Mg2Sb3O14 [16–18]. Another recent discovery is the Quantum Spin Liquid (QSL) 
candidate YbMgGaO4 where the magnetic Yb
3+ with effective spin S = ½ form a triangular 
lattice. Bulk magnetic measurements in this material shows no evidence of  ordering down to 
60 mK while neutron scattering experiments have revealed a continuum of magnetic 
excitations, consistent with a QSL state[18,19]. The bulk magnetic properties of the 
KBaLn(BO3)2 series, which crystallise in a structure containing edge-sharing triangular 
lattices of Ln3+, have also been recently reported [20]. Discovery of other 2D frustrated 
lattices with magnetic rare earth ions opens up the possibility of exploring further aspects of 
2D geometrically frustrated systems. 
Lanthanide orthoborates, LnBO3, have been widely studied for their optical properties 
because they have high ultraviolet transparency and high optical damage thresholds, making 
them suitable for applications as phosphors in vacuum discharge lamps and screens[21–23]. 
However, except for early studies on magnetic susceptibility[24,25], their magnetic 
properties have not been explored. . The synthesis and crystal structure of the LnBO3 was 
first reported by Levin et. al[26]. It was proposed that the lanthanide orthoborates LnBO3 
crystallise in the same three structures as CaCO3 depending on the Ln
3+ ion  - aragonite for 
the larger Ln3+ (La - Nd), vaterite for the smaller Ln3+ (Eu - Yb) and calcite for the smallest 
Ln3+ ion, Lu. SmBO3 was reported to crystallise in the vaterite phase between 1100 and 1300 
o C and in a different triclinic structure at other temperatures. Since then, there has been much 
debate about the crystal structure of the so-called -LnBO3 with Ln = Eu – Yb, with later 
studies proposing the existence of both a hexagonal or ‘pseudo-vaterite’ [22,27] and 
monoclinic structure[23,28,29]. However, in both the proposed structures, the magnetic Ln
3+ 
link to form edge-sharing triangles and thus, the -LnBO3 may be an example of a new series 
of geometrically frustrated magnetic materials containing Ln3+.  
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In this paper we report the synthesis, characterisation and bulk magnetic properties on 
polycrystalline samples of LnBO3, Ln = Gd, Tb, Dy, Ho, Er and Yb. The materials were 
prepared by solid state synthesis and the crystal structure was analysed using powder X-Ray 
diffraction (PXRD). The bulk magnetic properties have been studied using magnetic 
susceptibility, heat capacity and isothermal magnetisation measurements. To the best of our 
knowledge, this is the first comprehensive report on the magnetic properties. The LnBO3 
exhibit different magnetic ordering features, the magnetic behaviour is highly dependent on 
the Ln3+ under consideration. Evaluation of the magnetocaloric effect shows that GdBO3 and 
DyBO3 are competitive materials for solid state magnetic refrigeration in the liquid helium 
temperature regime, T ≥ 2 K. 
2 Experimental Section 
 
Samples of LnBO3, Ln = Gd, Tb, Dy, Ho, Er and Yb, were prepared using a solid-state 
synthesis method. Gd2O3 was pre-dried at 800 
oC overnight prior to being weighed out to 
ensure the correct stoichiometry. Samples were prepared by mixing stoichiometric amounts 
of Ln2O3 (Ln = Gd, Dy, Ho, Er, Yb) or Tb4O7 and H3BO3 (5% excess to compensate for the 
loss of B due to volatilisation during heating). A pre-reaction was carried out at 350 oC for 2 
hours to decompose the H3BO3 to B2O3. After regrinding, samples were heated to 1000 
oC for 
either 24 or 48 hours to obtain the final product.  
The formation of a phase pure product was confirmed using room temperature (RT) powder 
X-Ray diffraction (PXRD). Initially short scans were collected over 5o ≤ 2θ ≤ 60o (Δ 2θ = 
0.015o) using a Panalytical Empyrean X-Ray diffractometer (Cu Kα radiation, λ = 1.541 Å). 
For more detailed structural analysis, longer scans at high resolution were collected using a 
Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 1.541 Å, Ge monochromator and 
Sol-XE energy dispersive detector). Measurements were carried out for a day over an angular 
range 10o ≤ 2θ ≤ 120o (Δ 2θ = 0.01o). Rietveld refinement was carried out using the Fullprof 
suite of programs[30]. The backgrounds were fitted using linear interpolation and the peak 
shape was modelled using a pseudo-Voigt function. 
Magnetic susceptibility measurements were performed on a Quantum Design Magnetic 
Properties Measurement System (MPMS) with a Superconducting Quantum Interference 
Device (SQUID) magnetometer. The zero-field cooled (ZFC) susceptibility χ(T) was 
measured in a field of 100 Oe in the temperature range 2-300 K. In a field of 100 Oe, the 
isothermal magnetisation M(H) curve is linear at all T and so χ(T)can be approximated by the 
linear relation: χ(T) Isothermal magnetisation, M(H), measurements in the field 
range, oH = 0 – 9 T for selected temperatures were carried out using the ACMS (AC 
Measurement System) option on a Quantum Design Physical Properties Measurement System 
(PPMS) 
Zero field heat capacity (HC) measurements were carried out using the He3 option on a 
Quantum Design PPMS in the temperature range 0.4 – 20 K. To improve thermal 
conductivity at low temperatures, samples were mixed with approximately equal amounts of 
silver powder (99.99%, Alfa Aesar). The contribution of the silver powder to the heat 
capacity was then deducted using values reported in the literature[31] to obtain the 
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contribution to the heat capacity from the sample only. The lattice heat capacity was 
subtracted using a Debye model[32] to get the magnetic contribution, Cmag(T). 
3 Results and discussion 
 
3.1 Crystal Structure 
 
 
Figure 1 –PXRD pattern for HoBO3: Experimental data (red dots), Modelled data (black 
line), Difference pattern (blue line), Bragg positions (blue ticks, reflections for hexagonal 
setting are highlighted in green); Inset: Peaks at 20.1 o and 34.1o. Peak at ~ 20.1 o corresponds 
to single reflection in both hexagonal (002)hex and monoclinic setting, (002)mon. Peak at ~ 
34.1 o corresponds to single reflection in hexagonal setting, (102)hex, but two reflections in 
monoclinic setting, (311)mon and (022)mon 
PXRD indicated formation of phase pure samples of LnBO3, Ln = Gd, Tb, Dy, Ho, Er and 
Yb. Attempts to synthesise LnBO3 with larger Ln
3+ ions resulted in the formation of the 
orthorhombic or triclinic polymorphs as reported in the literature[26] and so will not be 
discussed here. The PXRD pattern for HoBO3 is shown in Figure 1. We find that the 
intensities of the peaks for the -LnBO3 are not correctly modelled by the hexagonal phase 
and the monoclinic phase is most appropriate to describe the structure. This can also be 
confirmed by comparing the peak shape for selected peaks. Figure 1a inset for HoBO3 shows 
two peaks at 20.1 o and 34.1 o; the former corresponds to a single reflection in hexagonal 
setting, (002)hex, and monoclinic setting, (002)mon, while the latter corresponds to single 
5 
 
reflection in hexagonal setting, (102)hex, but two reflections in monoclinic setting, (311)mon 
and (022)mon. The peak shape for the latter is consistent with a lower symmetry monoclinic 
structure. Thus the materials prepared using our synthetic route are definitely monoclinic for 
all Ln. In further discussions, we will use the term monoclinic LnBO3 to refer to these 
compounds. 
Details of the Rietveld analysis for the monoclinic LnBO3 are given in Table 1. In our X-Ray 
analysis, the lattice parameters and the Ln positions were refined but the B and O positions 
were fixed to those reported in the literature for the monoclinic structure[23,28,29]. This is 
because PXRD is not sensitive to B and O in the presence of heavy Ln. The lattice parameters 
a, b, c, the in-plane area, acsinβ, and the lattice volume, abcsinβ, for the monoclinic LnBO3 
(space group C2/c) all follow a linear relationship with ionic radii of the lanthanide ions[33], 
select plots shown in Figure 2. Our structural model has eclipsed triangular Ln3+ layers 
separated by sheets of three membered-rings of corner sharing BO4
5- tetrahedra forming 
isolated B3O9
9- units[28,29]; however it is not possible to be definitive about the arrangement 
of the borate units from the PXRD data alone. The proposed crystal structure is shown in 
Figure 3a. 
Table 1 – Crystal structure parameters for monoclinic LnBO3 - space group C2/c: Ln1 
occupies the 4c site (0.25, 0.25, 0), Ln2 occupies the general 8f (x, y, z) site. The Ln2 
positions were refined from the PXRD data. All the B and O positions were kept fixed as 
follows: B1 occupies the general 8f (x, y, z) site = (0.12011, 0.03790, 0.24691) while B2 
occupies the 4e site (0, y, 0.25) = (0, 0.67520, 0.25). O1, O2, O3, O4 all occupy the general 
8f (x, y, z) positions; O1 = (0.12550, 0.09200, 0.10199), O2 = (0.22293, 0.09316, 0.38870), 
O3 = (0.04837, 0.56643, 0.39233), O4 = (0.39142, 0.30823, 0.25174) while O5 occupies the 
4e site (0, y, 0.25) = (0, 0.135, 0.25). The values of thermal parameters were kept fixed at Biso 
= 0.8 Å2 for all atoms. 
Ln  Gd Tb Dy Ho Er Yb 
a (Å)  11.4968(6) 11.4299(4) 11.3755(3) 11.3357(4) 11.2911(3) 11.2006(2) 
b (Å)  6.6402(3) 6.6037(2) 6.5757(3) 6.5502(2) 6.5236(2) 6.47250(14) 
c (Å)  9.6796(4) 9.6408(2) 9.6092(3) 9.5776(2) 9.5475(2) 9.4901(2) 
β (Å)  113.048(5) 112.945(2) 112.919(2) 112.930(2) 112.914(2) 112.8116(2) 
Volume 
(Å3) 
 679.96(6) 670.11(3) 662.04(4) 654.95(3) 647.76(2) 634.18(2) 
χ2  1.12 1.04 1.39 1.55 1.54 1.41 
Ln2: 8f 
(x,y,z) 
x 0.0816(15) 0.0811(8) 0.0826(12) 0.0819(6) 0.0851(3) 0.0839(4) 
 y 0.25282(19) 0.25387(8) 0.25351(10) 0.25405(5) 0.25280(5) 0.25346(5) 
 z 0.49251(13) 0.49894(11) 0.49614(14) 0.49743(8) 0.50038(6) 0.49993(6) 
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Figure 2 – Lattice parameters as a function of ionic radii for monoclinic LnBO3; from larger 
to smaller: Ln = Gd, Tb, Dy, Ho, Er, Yb. The plots show lattice parameter b, the planar area = 
acsin β and cell volume = abcsin β; lines are a guide to the eye 
Determining whether the structure is hexagonal or monoclinic is significant for understanding 
the geometry of the frustrated magnetic lattice in these materials. If the structure were 
hexagonal, the magnetic Ln3+ would have formed a perfectly flat lattice of edge-sharing 
equilateral triangles. However the monoclinic symmetry results in scalene triangles, with the 
triangular layers having a slight pucker which gives rise to two different interlayer Ln-Ln 
distances, Ln1-Ln2 and Ln2-Ln2 (Table S1). Three different sets of triangles comprising six 
different bond lengths (Table S1) are obtained, this is shown in Figure 3b. The distortion 
from the ideal two-dimensional triangular lattice in the monoclinic LnBO3 can be quantified 
by measuring the deviation in bond angles from ideal equilateral geometry; this is shown in 
Figure 4 for a single triangle. The deviations are identical for all three sets of triangles, Figure 
S1. Whilst the deviations from a perfect equilateral triangle are small, <1.5%, deviations of 
similar magnitude have been shown to have a dramatic effect on the magnetic properties of 
other geometrically frustrated triangular lattice systems[34–37]. 
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Figure 3 – a) Crystal structure of monoclinic LnBO3 with triangular sheets of Ln3+ separated 
by layers of B3O9
9- units b) Connectivity of magnetic Ln3+ in monoclinic LnBO3 showing 
three different kinds of edge-sharing triangles. The different colours represent different bond 
lengths 
 
Figure 4 – Bond angles for a particular triangle in monoclinic LnBO3, Ln = Gd, Tb, Dy, Ho, 
Er, Yb. All the samples show deviation from ideal equilateral triangle; the % distortion is less 
than 1.5 %  
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3.2 Bulk magnetic measurements 
 
3.2.1 Magnetic Susceptibility 
 
  
Figure 5 – a) ZFC χ(T) for monoclinic LnBO3, Ln = Gd, Tb, Dy, Ho, Er, Yb b) Reciprocal of 
the molar susceptibility χ-1(T) from 2 -300 K 
The ZFC magnetic susceptibility, χ(T), for monoclinic LnBO3 as a function of temperature 
(2-300 K) in a field of 100 Oe are shown in Figure 5. HoBO3 shows a feature at T = 6 K; no 
ordering is observed down to 2 K for the other LnBO3. The reciprocal susceptibility, χ-1(T) is 
linear at temperatures T >100K. Fits to the Curie-Weiss law 𝜒−1 =  
𝑇−𝜃𝐶𝑊
𝐶
 were carried out in 
different temperature regimes from 100-300 K where θCW is the Curie-Weiss temperature and 
C is the Curie constant. The average values were taken to calculate the experimental 
magnetic moment, 𝜇𝑒𝑓𝑓 = √
3𝑘𝐵 𝐶
𝑁𝐴𝜇𝐵
2  and θCW. YbBO3 shows significant temperature-
independent paramagnetism χ0, at higher temperatures due to CEF effects. Thus the Curie-
Weiss fit for YbBO3 is carried out in the low temperature range, 2 – 30 K. The Curie-Weiss 
parameters are summarised in Table 2. The values of μeff are consistent with the theoretical 
values. The negative values of θCW indicate presence of antiferromagnetic correlations for all 
Ln3+.  
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Table 2 – Parameters from bulk magnetisation measurements for monoclinic LnBO3 (Ln = Gd 
– Yb) 
*Frustration index defined for transition at higher temperature 
 
3.2.2 Isothermal magnetisation  
 
Figure 6 – Isothermal magnetisation M(H) for monoclinic LnBO3, Ln = Gd, Tb, Dy, Ho, Er, 
Yb at selected temperatures in the magnetic field range 0 -9 T 
 
Compound Theoretical 
µeff  (μB) 
Experimental 
µeff  (μB) 
θCW (K) T0(K) f = 
│θCW/T0│ 
Theoretical 
Msat = gJJ 
(μB/f.u.) 
Mmax at 2 
K, 9T 
(μB/f.u.) 
GdBO3 7.94 7.904 (4) -5.4 (2) 0.61, 
1.72 
3.1* 7.0 6.6 
TbBO3 9.72 9.35 (2) -11.0 (7) 2.02 5.5 9.0 4.6 
DyBO3 10.65 10.19 (2) -11.8 (6) 0.56, 
1.01 
11.7* 10.0 5.2 
HoBO3 10.61 9.73 (5) -14 (2) - - 10.0 4.8 
ErBO3 9.58 9.12 (3) -18 (1) 0.88 20.4 9.0 4.1 
YbBO3 4.54 3.058 (8) -0.28 (9) <0.4  > 0.7 4.0 1.7 
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The isothermal magnetisation curves for the monoclinic LnBO3 as a function of magnetic 
field at different temperatures are given in Figure 6. GdBO3 saturates in a field of 9 T at 2 K; 
the maximum value = 6.6 μB/f.u is consistent with the theoretical saturation magnetisation for 
Heisenberg spins, Msat = gJJ = 2×7/2 = 7 μB/f.u. LnBO3, Ln = Tb, Dy, Ho, Er, do not show 
any signs of saturation in a field of 9 T. However, the values of maximum magnetisation at 2 
K, 9 T, Mmax (Table 2), are consistent with previous reports for other 2D and 3D frustrated 
systems containing these magnetic ions[14,38]. We postulate that the Ln3+ in LnBO3, Ln = 
Tb, Dy, Ho, Er, exhibit substantial single-ion anisotropy. YbBO3 saturates at 2 K, 9 T; the 
maximum value, 1.7 μB/f.u is close to Msat/2, as reported for other frustrated systems 
containing edge sharing triangles of Yb3+ where CEF effects lead to single-ion 
anisotropy[19,20]. Further experiments to determine the CEF levels are required to determine 
the nature of the single-ion anisotropy for Ln = Tb, Dy, Ho, Er, Yb. 
3.2.3 Heat capacity 
 
 
Figure 7 – Magnetic heat capacity Cmag/T vs T in zero field from 0.4 – 20 K for LnBO3, Ln = 
Gd, Tb, Dy, Ho, Er, Yb 
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We have carried out zero field heat capacity measurements to investigate the existence of 
magnetic ordering transitions for T ≥ 0.4 K. Figure 7 shows the plot of Cmag/T vs T in zero 
field from 0.4 – 20 K for LnBO3, Ln = Gd, Tb, Dy, Ho, Er, Yb, where Cmag is the magnetic 
heat capacity.  
GdBO3 shows two sharp ordering transitions at 0.61 K and 1.72 K; as does DyBO3 at 0.56 
and 1.01 K. ErBO3 shows a single λ type transition at 0.88 K. No ordering for YbBO3 is seen 
down to 0.4 K, however as T approaches 0.4 K, a sharp increase in Cmag can be seen, 
indicative of the onset of ordering at T < 0.4 K. A single broad feature is seen for TbBO3 at 
2.02 K, indicative of short range magnetic ordering. For HoBO3, a very broad feature is seen 
at 6 K. This is likely due to van Vleck paramagnetism from the ground state being a non-
magnetic singlet due to the non-Kramer’s nature and low symmetry of Ho3+, similar to the 
frustrated double perovskite Ba2HoSbO6 where the Ho
3+ ions lie on a fcc lattice[39]. Inelastic 
neutron spectroscopy and crystal electric field (CEF) calculations are needed to confirm this 
hypothesis. The upturn below 1.25 K is attributed to the nuclear Schottky anomaly for Ho3+ 
which dominates the heat capacity at temperatures < 1 K as has been reported for other 
compounds[39–41]. The frustration index has been calculated according to the criterion 
proposed by Ramirez[42] for LnBO3, Ln = Gd, Tb, Dy, Er. HoBO3 has a non-magnetic 
ground state while a lower limit, f > 0.7, is obtained for YbBO3.  
The nature of magnetic ordering and the degree of frustration are different for Ln = Gd, Tb, 
Dy, Ho. We postulate that the differences in magnetic interactions, crystal electric field 
effects (CEF) and lattice distortions result in different types of magnetic ordering for the 
various Ln3+, as has been reported for other frustrated lanthanide oxide systems[4,17]. The 
observation of two magnetic ordering features, as in GdBO3 and DyBO3, has been observed 
in other frustrated Heisenberg systems like SrGd2O4[43], Gd2Ti2O7[44] as well as for Ising 
systems including Ca3Co2O6[45] and CoNb2O6[46] and SrHo2O4[10]. Usually in these 
systems, the transition at lower temperature is due to reorientation of spins, however further 
experiments are required to determine the origin of the magnetic ordering in GdBO3 and 
DyBO3. The sharp λ type anomaly in ErBO3 points to three-dimensional antiferromagnetic 
ordering, as has been reported for SrEr2O4[47] while the broad feature in TbBO3 is 
reminiscent of short-range magnetic correlations as reported for members of the SrLn2O4 
family[10,11,48]. Further neutron scattering experiments and theoretical modelling of the 
relevant interactions are needed to understand the fundamental magnetic behaviour of the 
monoclinic LnBO3. 
3.2.4 Magnetocaloric Effect (MCE) 
 
Geometrically frustrated systems containing Ln3+ can also find practical applications in solid 
state magnetic refrigeration in the liquid helium temperature regime because of the 
suppressed magnetic transition temperatures and the large amount of magnetic entropy that 
can be extracted[49,50]. Solid state magnetic cooling utilises adiabatic demagnetisation 
refrigeration, which is based on the principle of the magnetocaloric effect (MCE) in magnetic 
materials[51,52]. We examine the performance of the monoclinic LnBO3 as magnetocaloric 
materials (MCMs) for low temperature magnetic cooling, T ≥ 2 K. The change in magnetic 
entropy, ΔSm, per mole has been calculated from the M(H) curves using Maxwell’s 
thermodynamic relation[53]:  
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∆𝑆𝑚 = ∫ (
𝜕𝑀
𝜕𝑇
)
𝐻
𝑑𝐻
𝐻𝑓𝑖𝑛𝑎𝑙
𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 
When considering the MCE, it is usual to consider two field regimes: low fields, μ0H ≤ 2 T, 
accessible using a permanent magnet and high fields, μ0H > 5 T, where the MCE is 
maximised. Previous work has discussed the role of crystal electric field effects in lanthanide 
based MCMs with Heisenberg systems performing better at high fields and those with 
substantial single-ion anisotropy, being suitable for use in lower fields[54,55]. We observe 
similar behaviour here (Figure S2) and so, consider the MCE of GdBO3 in the limiting field 
of 9 T and LnBO3, Ln = Tb, Dy, Ho, Er, Yb in the low field regime. The change in magnetic 
entropy, ΔSm, is typically calculated per unit mole, however for practical applications it is 
useful to consider per unit mass or per unit volume. The ΔSm values at 2 K are given in Table 
3 and compared to the standard MCMs, Gd3Ga5O12 and Dy3Ga5O12, for fields of 9 T and 2 T 
respectively[54,56,57]. GdBO3 and DyBO3 are found to have the maximum MCE in 
gravimetric and volumetric units, in 9 T and 2 T respectively. 
Table 3 – Magnetocaloric effect in monoclinic LnBO3 (Ln = Gd – Yb) at T = 2 K 
Compound Field (T) ΔSm (J K-1 mol-1) ΔSm (J K-1 kg-1) ΔSm (mJ K-1 cc-1) 
GdBO3 9 12.5 57.8 366.3 
Gd3Ga5O12 9 14.1 41.8 296.4 
TbBO3 2 0.7 3.2 20.8 
DyBO3 2 3.1 13.9 92.5 
HoBO3 2 0.2 0.9 6.1 
ErBO3 2 2.6 11.5 80.0 
YbBO3 2 2.1 9.1 66.0 
Dy3Ga5O12 2 3.8 11.0 80.6 
 
 
Figure 8 – Change in magnetic entropy ΔSm per unit mass as a function of temperature at 
selected magnetic fields for GdBO3 and DyBO3  
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How do these materials compare to other low temperature magnetocaloric materials? In 
recent years, several other Gd3+ MCMs have been reported which have high MCE in high 
magnetic fields[50,58–60]. However, for practical applications, different Ln3+ containing 
compounds can be viable low temperature MCMs in lower fields, up to 2 T[55,57,61,62]. 
The MCE in GdBO3 and DyBO3 in gravimetric units (Figure 8) are comparable or greater 
than these materials (Table 3). The origin of the competitive MCE per unit mass can be 
readily explained by considering the low mass per mole Ln ion in LnBO3 (~ 218 g/molLn) 
compared to other MCMs Ln3Ga5O12 (~340 g/molLn), LnPO4 (~ 255 g/ molLn), LnCrO4 and 
LnVO4 (~276 g/ molLn) and Ln(HCOO)3 (~ 295 g/molLn). LnBO3 possess the advantage of a 
low temperature scalable synthesis; this is significant for practical usage. Most importantly, 
the existence of magnetic ordering transitions for both GdBO3 and DyBO3 at T < 2 K means 
that they would suitable for cooling below 2 K as further magnetic entropy can be extracted 
below 2 K. Moreover mixed lanthanide orthoborates, LnxLn’1-xBO3 could be developed in 
order to tune the MCE in different temperature and field regimes, as has been reported for 
other lanthanide systems[55]. GdBO3 and DyBO3 are therefore competitive magnetocaloric 
materials in the liquid helium temperature regime. 
4 Conclusion 
 
A series of lanthanide orthoborates LnBO3, Ln = Gd, Tb, Dy, Ho, Er and Yb, have been 
synthesised and their bulk magnetic properties have been measured. They crystallise in a 
monoclinic structure with the magnetic Ln3+ forming a two-dimensional triangular lattice 
with slight distortions (<1.5%).  
Zero field heat capacity measurements reveal different magnetic transitions at T ≤ 2 K for 
LnBO3, Ln = Gd, Tb, Dy, Er while the onset of magnetic ordering can be seen for YbBO3 at 
0.4 K. HoBO3 is postulated to have a non-magnetic ground state. Isothermal magnetisation 
measurements reveal different single ion anisotropy for the different Ln3+. Evaluation of the 
MCE shows that DyBO3 and GdBO3, are viable magnetocaloric materials in the liquid helium 
temperature regime in fields ≤ 2 T achievable using a permanent magnet and higher magnetic 
fields > 5 T respectively. 
The lanthanide orthoborates serve as a prototype of a slightly distorted frustrated rare-earth 
triangular lattice. We hope that this work will motivate further studies on the nature of the 
magnetic ground states in these materials. 
5 Acknowledgements 
 
We acknowledge funding support from the Winton Programme for the Physics of 
Sustainability. Magnetic measurements were carried out using the Advanced Materials 
Characterisation Suite, funded by EPSRC Strategic Equipment Grant EP/M000524/1. 
Supporting data can be found at https://doi.org/10.17863/CAM.13667. 
 
 
14 
 
6 References 
 
[1] J.S. Gardner, B.D. Gaulin, A.J. Berlinsky, P. Waldron, S.R. Dunsiger, N.P. Raju, J.E. 
Greedan, Phys. Rev. B. 64 (2001) 224416. 
[2] R. Moessner, A.P. Ramirez, Phys. Today. 59 (2006) 24–29. 
[3] L. Balents, Nature. 464 (2010) 199–208. 
[4] J.S. Gardner, M.J.P. Gingras, J.E. Greedan, Rev. Mod. Phys. 82 (2010) 53–107. 
[5] K. Kimura, S. Nakatsuji, J.-J. Wen, C. Broholm, M.B. Stone, E. Nishibori, H. Sawa, 
Nat. Commun. 4 (2013) 1–6. 
[6] E. Lhotel, S. Petit, S. Guitteny, O. Florea, M. Ciomaga Hatnean, C. Colin, E. 
Ressouche, M.R. Lees, G. Balakrishnan, Phys. Rev. Lett. 115 (2015) 197202. 
[7] S. Petit, E. Lhotel, B. Canals, M. Ciomaga Hatnean, J. Ollivier, H. Mutka, E. 
Ressouche, A.R. Wildes, M.R. Lees, G. Balakrishnan, Nat. Phys. 12 (2016) 746–750. 
[8] N. d’Ambrumenil, O.A. Petrenko, H. Mutka, P.P. Deen, Phys. Rev. Lett. 114 (2015) 
227203. 
[9] O. Young, G. Balakrishnan, M.R. Lees, O.A. Petrenko, Phys. Rev. B. 90 (2014) 
94421. 
[10] O. Young, A.R. Wildes, P. Manuel, B. Ouladdiaf, D.D. Khalyavin, G. Balakrishnan, 
O.A. Petrenko, Phys. Rev. B. 88 (2013) 24411. 
[11] O.A. Petrenko, O. Young, D. Brunt, G. Balakrishnan, P. Manuel, D.D. Khalyavin, C. 
Ritter, Phys. Rev. B. 95 (2017) 104442. 
[12] R.J. Cava, K.L. Holman, T. McQueen, E.J. Welsh, D.V. West, A.J. Williams, The 
Geometries of Triangular Magnetic Lattices, in: Introd. to Frustrated Magn. Mater. 
Exp. Theory, Springer Berlin Heidelberg, 2011: pp. 131–154. 
[13] Z.L. Dun, J. Trinh, K. Li, M. Lee, K.W. Chen, R. Baumbach, Y.F. Hu, Y.X. Wang, 
E.S. Choi, B.S. Shastry, A.P. Ramirez, H.D. Zhou, Phys. Rev. Lett. 116 (2016) 
157201. 
[14] M.B. Sanders, J.W. Krizan, R.J. Cava, R. Higashinaka, Y. Maeno, D. Ghosh, G.M. 
Luke, B.Z. Malkin, M.A. Carpenter, J. Lord, A. Amato, C. Baines, J.A.M. Paddison, 
K. Foyevtsova, R. Valenti, F. Hawthorne, C.R. Wiebe, H.D. Zhou, J. Mater. Chem. C. 
4 (2016) 541–550. 
[15] M.B. Sanders, K.M. Baroudi, J.W. Krizan, O.A. Mukadam, R.J. Cava, Phys. Status 
Solidi. 253 (2016) 2056–2065. 
[16] A. Scheie, M. Sanders, J. Krizan, Y. Qiu, R.J. Cava, C. Broholm, Phys. Rev. B. 93 
(2016) 180407. 
[17] Z.L. Dun, J. Trinh, M. Lee, E.S. Choi, K. Li, Y.F. Hu, Y.X. Wang, N. Blanc, A.P. 
Ramirez, H.D. Zhou, Phys. Rev. B. 95 (2017) 104439. 
[18] J.A.M. Paddison, H.S. Ong, J.O. Hamp, P. Mukherjee, X. Bai, M.G. Tucker, N.P. 
Butch, C. Castelnovo, M. Mourigal, S.E. Dutton, Nat. Commun. 7 (2016) 13842. 
15 
 
[19] Y. Li, H. Liao, Z. Zhang, S. Li, F. Jin, L. Ling, L. Zhang, Y. Zou, L. Pi, Z. Yang, J. 
Wang, Z. Wu, Q. Zhang, Sci. Rep. 5 (2015) 16419. 
[20] M.B. Sanders, F.A. Cevallos, R.J. Cava, Mater. Res. Express. 4 (2017) 36102. 
[21] Y. Wang, T. Endo, L. He, C. Wu, J. Cryst. Growth. 268 (2004) 568–574. 
[22] R. Velchuri, B.V. Kumar, V.R. Devi, G. Prasad, D.J. Prakash, M. Vithal, Mater. Res. 
Bull. 46 (2011) 1219–1226. 
[23] A. Szczeszak, T. Grzyb, S. Lis, R.J. Wiglusz, Dalt. Trans. 41 (2012) 5824–5831. 
[24] Y. Laureiro, M.L.L. Veiga, F. Fernandez, A. Jerez, C. Pico, F. Fernández, R. Saez-
Puche, A. Jerez, C. Pico, J. Less Common Met. 167 (1991) 387–393. 
[25] Y. Laureiro, M.. Veiga, F. Fernandez, R.S. Puche, A. Jerez, C. Pico, J. Less Common 
Met. 157 (1990) 335–341. 
[26] E.M. Levin, R.S. Roth, J.B. Martin, Am. Mineral. 46 (1961) 1030–1055. 
[27] R.E. Newnham, M.J. Redman, R.P. Santoro, J. Am. Ceram. Soc. 46 (1963) 253–256. 
[28] J. Lin, D. Sheptyakov, Y. Wang, P. Allenspach, Chem. Mater. 16 (2004) 2418–2424. 
[29] A. Pitscheider, R. Kaindl, O. Oeckler, H. Huppertz, J. Solid State Chem. 184 (2011) 
149–153. 
[30] J. Rodríguez-Carvajal, Phys. B Condens. Matter. 192 (1993) 55–69. 
[31] D.R. Smith, F.R. Fickett, J. Res. Natl. Inst. Stand. Technol. 100 (1995) 119. 
[32] E.S.R. Gopal, Lattice Heat Capacity, in: Specif. Heats Low Temp., Springer US, 
Boston, MA, 1966: pp. 20–54. 
[33] R.D. Shannon, Acta Crystallogr. Sect. A. 32 (1976) 751–767. 
[34] L.C. Chapon, P. Manuel, F. Damay, P. Toledano, V. Hardy, C. Martin, Phys. Rev. B. 
83 (2011) 24409. 
[35] A.I. Smirnov, L.E. Svistov, L.A. Prozorova, A. Zheludev, M.D. Lumsden, E. 
Ressouche, O.A. Petrenko, K. Nishikawa, S. Kimura, M. Hagiwara, K. Kindo, A.Y. 
Shapiro, L.N. Demianets, Phys. Rev. Lett. 102 (2009) 37202. 
[36] R.S. Fishman, S. Okamoto, Phys. Rev. B. 81 (2010) 20402. 
[37] S.E. Dutton, E. Climent-Pascual, P.W. Stephens, J.P. Hodges, A. Huq, C.L. Broholm, 
R.J. Cava, J. Phys. Condens. Matter. 23 (2011) 246005. 
[38] S.T. Bramwell, M.N. Field, M.J. Harris, I.P. Parkin, J. Phys. Condens. Matter. 12 
(2000) 483–495. 
[39] S. Calder, X. Ke, F. Bert, A. Amato, C. Baines, C. Carboni, R.J. Cava, A. Daoud-
Aladine, P. Deen, T. Fennell, A.D. Hillier, H. Karunadasa, J.W. Taylor, P. Mendels, P. 
Schiffer, S.T. Bramwell, Phys. Rev. B. 81 (2010) 64425. 
[40] S.T. Bramwell, M.J. Harris, B.C. den Hertog, M.J.P. Gingras, J.S. Gardner, D.F. 
McMorrow, A.R. Wildes, A.L. Cornelius, J.D.M. Champion, R.G. Melko, T. Fennell, 
Phys. Rev. Lett. 87 (2001) 47205. 
16 
 
[41] J.-J. Wen, W. Tian, V.O. Garlea, S.M. Koohpayeh, T.M. McQueen, H.-F. Li, J.-Q. 
Yan, J.A. Rodriguez-Rivera, D. Vaknin, C.L. Broholm, Phys. Rev. B. 91 (2015) 
54424. 
[42] A.P. Ramirez, Annu. Rev. Mater. Sci. 24 (1994) 453–480. 
[43] O. Young, G. Balakrishnan, M.R. Lees, O.A. Petrenko, Phys. Rev. B - Condens. 
Matter Mater. Phys. 90 (2014) 1–9. 
[44] P. Bonville, J.A. Hodges, M. Ocio, J.P. Sanchez, P. Vulliet, S. Sosin, D. Braithwaite, J. 
Phys. Condens. Matter. 15 (2003) 7777–7787. 
[45] S. Agrestini, C.L. Fleck, L.C. Chapon, C. Mazzoli, A. Bombardi, M.R. Lees, O.A. 
Petrenko, Phys. Rev. Lett. 106 (2011) 197204. 
[46] P.W.C. Sarvezuk, E.J. Kinast, C. V. Colin, M.A. Gusmão, J.B.M. da Cunha, O. Isnard, 
J. Appl. Phys. 109 (2011) 07E160. 
[47] O.A. Petrenko, G. Balakrishnan, N.R. Wilson, S. de Brion, E. Suard, L.C. Chapon, 
Phys. Rev. B. 78 (2008) 184410. 
[48] O.A. Petrenko, Low Temp. Phys. 40 (2014) 106–112. 
[49] J.A. Barclay, W.A. Steyert, Cryogenics (Guildf). 22 (1982) 73–80. 
[50] A.C. Sackville Hamilton, G.I. Lampronti, S.E. Rowley, S.E. Dutton, J. Phys. Condens. 
Matter. 26 (2014) 116001. 
[51] V.K. Pecharsky, K.A. Gschneidner Jr, J. Magn. Magn. Mater. 200 (1999) 44–56. 
[52] A. Smith, Eur. Phys. J. H. 38 (2013) 507–517. 
[53] V.K. Pecharsky, K.A. Gschneidner, J. Appl. Phys. 86 (1999) 565. 
[54] T. Numazawa, K. Kamiya, T. Okano, K. Matsumoto, Phys. B Condens. Matter. 329–
333 (2003) 1656–1657. 
[55] P.J. Saines, J.A.M. Paddison, P.M.M. Thygesen, M.G. Tucker, Mater. Horiz. 2 (2015) 
528–535. 
[56] P. Mukherjee, A.C. Sackville Hamilton, H.F.J. Glass, S.E. Dutton, J. Phys. Condens. 
Matter. 29 (2017) 405808. 
[57] P. Mukherjee, S.E. Dutton, Adv. Funct. Mater. 27 (2017) 1701950. 
[58] G. Lorusso, J.W. Sharples, E. Palacios, O. Roubeau, E.K. Brechin, R. Sessoli, A. 
Rossin, F. Tuna, E.J.L. McInnes, D. Collison, M. Evangelisti, Adv. Mater. 25 (2013) 
4653–4656. 
[59] Y.-C. Chen, L. Qin, Z.-S. Meng, D.-F. Yang, C. Wu, Z. Fu, Y.-Z. Zheng, J.-L. Liu, R. 
Tarasenko, M. Orendáč, J. Prokleška, V. Sechovský, M.-L. Tong, J. Mater. Chem. A. 2 
(2014) 9851. 
[60] E. Palacios, J.A. Rodríguez-Velamazán, M. Evangelisti, G.J. McIntyre, G. Lorusso, D. 
Visser, L.J. De Jongh, L.A. Boatner, Phys. Rev. B. 90 (2014) 1–9. 
[61] A. Midya, N. Khan, D. Bhoi, P. Mandal, Phys. B Condens. Matter. 448 (2014) 43–45. 
[62] K. Dey, A. Indra, S. Majumdar, S. Giri, J. Mater. Chem. C. 5 (2017) 1646–1650. 
17 
 
7 Supplementary Information 
 
Table S1 – Ln-Ln bond lengths for monoclinic LnBO3, Ln = Gd, Tb, Dy, Ho, Er, Yb 
Ln  Gd Tb Dy Ho Er Yb 
Ln –Ln 
(in-
plane) 
(Å) 
1 3.84(2) 3.789(11) 3.798(15) 3.772(8) 3.782(5) 3.740(5) 
 2 3.82(3) 3.853(15) 3.78(3) 3.792(11) 3.727(6) 3.720(8) 
 3 3.846(14) 3.845(7) 3.812(10) 3.808(5) 3.772(4) 3.752(4) 
 4 3.81(2) 3.746(10) 3.762(14) 3.728(7) 3.753(5) 3.704(6) 
 5 3.814(14) 3.801(7) 3.772(10) 3.761(5) 3.741(4) 3.713(4) 
 6 3.88(2) 3.836(10) 3.842(14) 3.821(7) 3.816(5) 3.782(6) 
<Ln – 
Ln> (in-
plane)(Å) 
 3.84 3.81 3.79 3.78 3.76 3.73 
Ln-Ln 
(inter-
plane) 
(Å) 
1 4.32(3) 4.420(16) 4.36(3) 4.365(12) 4.394(6) 4.372(9) 
 2 4.52(2) 4.449(12) 4.460(15) 4.434(9) 4.405(9) 4.375(6) 
<Ln – 
Ln> 
(inter-
plane)(Å) 
 4.42 4.43 4.41 4.40 4.41 4.37 
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Figure S1 - Bond angles for the different triangles for the monoclinic LnBO3, Ln = Gd, Tb, 
Dy, Ho, Er, Yb, the deviations for the three sets of triangles are identical. The horizontal 
dashed line in each plot indicates the angle for ideal equilateral geometry, 60o. 
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Figure S2 - ΔSm (J K-1 mol-1) for the monoclinic LnBO3, Ln = Gd, Tb, Dy, Ho, Er, Yb in the 
field range μ0H = 0 – 5 T at T = 2 K. It is seen that in fields μ0H ≤ 2 T, attainable by a 
permanent magnet, DyBO3 has the highest magnetocaloric performance whereas in fields 
μ0H > 3.5 T, GdBO3 surpasses all the other LnBO3 as a magnetocaloric material. 
 
 
 
